The atmospheric energy budget is analysed in numerical simulations of tropical cloud systems. 12 This is done in order to better understand the physical processes behind aerosol effects on the 13 atmospheric energy budget. The simulations include both shallow convective clouds and deep 14 convective tropical clouds over the Atlantic Ocean. Two different sets of simulations, at different 15 dates (10-12/8/2016 and 16-18/8/2016), are being simulated with different dominant cloud 16 modes (shallow or deep). For each case, the cloud droplet number concentrations (CDNC) is 17 varied as a proxy for changes in aerosol concentrations. It is shown that the total column 18 atmospheric radiative cooling is substantially reduced with CDNC in the deep-cloud dominated 19 case (by ~10.0 W/m 2 ), while a much smaller reduction (~1.6 W/m 2 ) is shown in the shallow-20 cloud dominated case. This trend is caused by an increase in the ice and water vapor content at 21 the upper troposphere that leads to a reduced outgoing longwave radiation. A decrease in sensible 22 heat flux (driven by increase in the near surface air temperature) reduces the warming by ~1.4 23 W/m 2 in both cases. It is also shown that the cloud fraction response behaves in opposite ways 24 to an increase in CDNC, showing an increase in the deep-cloud dominated case and a decrease 25 in the shallow-cloud dominated case. This demonstrates that under different environmental 26 conditions the response to aerosol perturbation could be different.
Introduction 30
The negative anthropogenic radiative forcing due to aerosols is acting to cool the climate and to 31 compensate some of the warming due to increase in greenhouse gases (Boucher et al., 2013) . 32 However, quantification of this effect is highly uncertain with a revised uncertainty range of 2) that contribute on average ~25% out of the total cloud cover (Fig. S3, SI) . The deep-cloud 157 dominated case represents the early stages of the development of the tropical storm Fiona (Fig.   158 3). Fiona formed in the eastern tropical Atlantic and moved toward the west-north-west. It started 159 as a tropical depression at 16/8/2016 18:00 UTC while its centre was located at 12.0 o N 32.2 o W. to identify the source of the differences in fluxes between clean and polluted conditions. 
221

Results
222
Shallow-cloud dominated case -10-12/08/2016 223 We start with energy budget analysis of the shallow-cloud dominated case base simulations 224 (CDNC = 20 cm -3 ). Figure 4 presents the time mean (over the two days simulation) of the 225 different terms of the energy budget (Equation 1). As expected, dominates the warming of 226 the atmosphere while QR dominate the cooling. The sensible heat flux (QSH) is positive (act to 227 warm the atmosphere) but it is an order of magnitude smaller than the LP and QR magnitudes. In 228 this shallow-cloud dominated case the radiative cooling of the atmosphere is significantly larger 229 than the warming due to precipitation (mean of -114.7 W/m 2 compare with 90.1 W/m 2 ), hence 230 the residual (R) is negative. Negative R means that there must be some convergence of dry static 231 energy into the domain and/or decrease in the storage term.
232
We note that there is a significant difference in the spatial distribution of LP and QR (Jakob et 233 al., 2019). While the QR is more uniformly distributed, the LP is mostly concentrated at the south 234 part of the domain (where the deep convective clouds are formed) and it has a dotted structure.
235
Locally, at the core of a deep convective clouds, the LP contribution can reach a few 1000 W/m 2
236
(1 mm/hr of precipitation is equivalent to 628 W/m 2 ), however, the vast majority of the domain 237 contributes very little in terms of LP. QR also presents some spatial structure in which there is a weak atmospheric cooling at the south part of the domain (the region of the deep convective 239 clouds) and a strong cooling at the reset of the domain. 
246
For understanding the spatial structure of QR, next we examine the spatial distribution of the LW 247 and SW radiative fluxes at the TOA and surface ( Fig. 5 ). We note that the smaller radiative QSH is driven by an increase in the near surface air temperature (see Fig. 8 ). 
281
To understand the response of QR to the CDNC perturbation, we next examine the response of 282 the different radiative fluxes. Figure 7 demonstrates that most of the relative atmospheric and a decrease in the shallow cloud fraction with the increase in CDNC (see Fig. 9 below). The
291
TOA net radiative effect for the entire system (as opposed to the atmospheric energy budget that 292 take into consideration the surface radiative fluxes changes) is about -5.2 W/m 2 . with the increase in CDNC (except for the first ~10 hours of the simulations). Examining the 306 vertical structure of the CF response ( Fig. 9 ), demonstrates that with the increase in CDNC there 307 is a reduction in the low level (below 800 mb) CF concomitantly with an increase in CF at the 308 middle and upper troposphere. The differences in rain rate between the different simulations are 309 small. However, both the liquid water path (LWP) and the ice water path (IWP) show a consistent 310 increase with CDNC. Accordingly, also the total water path (TWP), which is the sum of the LWP 311 and the IWP, substantial increases with CDNC. The vertical profiles of the different hydrometers 312 ( Fig. 9 ) indicate, as expected, that the cloud droplet mass mixing ration (qc -droplet with radius 313 smaller than 40 m) increases with CDNC, while the rain mass mixing ratio (qr -drops with 314 radius larger than 40 m) decreases due to the shift in the droplet size distribution to smaller 315 sizes under larger CDNC conditions. As this case is dominated by shallow clouds, there exists 316 only a comparably small amount of ice mixing ration (qi) (c.f. Fig. 17 ), but its concentration 317 increases with the CDNC increase. The combined effect of the increase in CDNC is to 318 monotonically increase the total water mixing ratio (qt) above 800 mb ( Fig. 9 ). The relative 319 increase in qt with CDNC becomes larger at higher levels.
320
The increase in cloud water with increasing CDNC can explain both the reductions in the net CF radiative effect). This approach demonstrates that the contribution from the small reduction 337 in CF is negligible compared to the increased SW reflectance caused by the increase in TWP. 338 We also note a monotonic increase in the near surface temperature with CDNC (see also Fig. 10 339 below). This trend can be explained by warm rain suppression with increasing CDNC that leads 340 to less evaporative cooling (see the decrease in the total amount of water mass mixing ration just In addition to the clouds' effect on the radiation fluxes, changes in humidity could also contribute 361 ( Fig. 10 ). We note that increase in CDNC leads to increase in relative humidity (RH) and specific 362 humidity (qv) at the middle and upper troposphere without a significant temperature change. The 363 increased humidity at the upper troposphere would act to decrease the outgoing LW flux, a 364 similar effect as the increased ice content at the upper troposphere has ( Fig. 9 ). However, 365 sensitivity studies with off-line radiative transfer calculations using BUGSrad, demonstrate that 366 the vast majority of the different in between clean and polluted conditions emerges from 367 the cloudy skies (rather than clear-sky), suggesting that the effect of the increased ice content at 368 the upper troposphere predominant.
369
Both the increase in water vapor and ice content at the upper troposphere are driven by increase 370 in water (liquid and ice) mass flux with increasing CDNC to these levels (Fig. 11 ). The increase 371 in mass flux is driven partially by the small increase in vertical velocity (especially for updraft between 5 and 10 m/s) and mostly due to the larger water mass mixing ratio ( Fig. 9 ) that leads 373 to an increase in mass flux even for a given vertical velocity. The increased relative humidity at 374 the upper troposphere, further increases the ice particle lifetime at these levels (in addition to the 375 microphysical effect (Grabowski and Morrison, 2016)) as the evaporation rate decreases. In between the two cases is in QR, which increases much more in the deep-cloud dominated case: 428 10.0 W/m 2 (Fig. 14) compared with 1.6 W/m 2 in the shallow-cloud dominated case (Fig. 6 ). the second day of the simulation. This is opposite to the CF reduction in the shallow-cloud 453 dominated case (Fig. 8) . It also demonstrates a very significant increase in LWP and, even more respectively.
470
The vertical profile changes with CDNC ( Fig. 17 ) demonstrate a consistent picture of a decrease 471 in CF in low clouds and a significant increase in CF and liquid and ice content at the mid and 472 upper troposphere. The CF increase at the upper troposphere, and especially the increase in the 473 ice content, can explain the decrease in the outgoing LW radiation (Fig. 15 ). The increase in ice the shallow-cloud dominated case (Fig. 8) , the near surface temperature monotonically increases 481 with CDNC, while the effect on the mean rain rate is small.
482
The differences in the thermodynamic evolution between polluted and clean conditions for this 483 case (Fig. 18) , demonstrate the same trend as in the shallow-cloud dominated case (Fig. 10) .
484
Here again, we note an increase in the humidity at the mid and upper troposphere, that contribute at the TOA and surface) is also significantly modified but their net effect on the atmospheric 543 column energy budget is small. The net TOA radiative fluxes change in this case is -1.9 W/m 2 .
544
Beside the atmospheric radiative warming, changes in precipitation (~-0.3 W/m 2 ), and in sensible 545 heat flux (QSH, -1.4 W/m 2 ) also contribute to the total trend as a response of increase in CDNC.
546
We note that since 1 mm/hr of rain is equivalent to 628 W/m 2 , even negligible changes in the mean water path (both LWP and IWP) increases (Fig. 8) . As in the deep-cloud dominated 583 case, the increase in the water content occurs mostly at the mid and upper troposphere, while the 584 decrease in CF occurs mostly in the lower troposphere ( Fig. 9 ). In terms of the SW fluxes, the 
